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Earthworms  (Eisenia  fetida)  most suitable  biological  indicators  of radioactive  pollution.  Radiation-induced
lesions  in DNA  can  be considered  to be molecular  markers  for early  effects  of ionizing  radiation.  Gamma
radiation  produces  a wide  spectrum  of  DNA.  Some  of  these  lesions,  i.e.,  DNA  strand  breaks  and  alkali
labile  sites  can be detected  by the  single-cell  gel  electrophoresis  (SCGE)  or comet  assay  by measuring  the
migration  of DNA from  immobilized  nuclear  DNA.  E. fetida  were  exposed  to different  doses  of  gamma
radiation,  i.e.,  1,  5,  10,  20,  30,  40  and 50  Gy,  and  comet  assay  was  performed  for all  the  doses  along  with
control  at  1, 3 and  5  h  post  irradiation  to  evaluate  the  genotoxicity  of  gamma  radiation  in this  organism.
The  DNA  damage  was measured  as  percentage  of  comet  tail  DNA.  A signiﬁcant  increase  in  DNA  damageomet assay
oelomocytes
was  observed  in  samples  exposed  to 5  Gy and  above,  and the  increase  in  DNA  damage  was  dose  dependent
i.e., DNA  damage  was increased  with  increased  doses  of radiation.  The  highest  DNA  damage  was  noticed
at 1  h  post  irradiation  and gradually  decreased  with  time,  i.e.,  at 3  and  5 h post  irradiation.  The  present
study  reveals  that  gamma  radiation  induces  DNA  damage  in E.  fetida  and the  comet  assay  is a sensitive
and  rapid  method  for its detection  to  detect  genotoxicity  of  gamma  radiation.
© 2015  Elsevier  B.V.  All  rights  reserved.. Introduction
As atomic power is gradually recognized as a potential energy
ource to sustain future human development, radiological pro-
ection of the environment will become an even more important
nvironmental safety concern [1]. In the past decades, scientiﬁc and
egulatory activities related to radiation protection have been con-
entrated on the radiation exposure of humans. The principal view
as been that, if humans were adequately protected, then other
iving organisms would also likely to be sufﬁciently protected and
ther species would not put at risk [2]. This view has been ques-
ioned, and attention is now also put on the potential effects of
xposure to ionizing radiation of non-human biota. Thus, the Inter-
ational Commission on Radiological Protection (ICRP) considers,
hat understanding the effects of ionizing radiation on non-human
iota is essential for the radiological protection of the environment
1].
∗ Corresponding author.
E-mail address: shetty nj@yahoo.co.in (N.J. Shetty).
ttp://dx.doi.org/10.1016/j.mrgentox.2015.10.001
383-5718/© 2015 Elsevier B.V. All rights reserved.In most contamination situations, the majority of the radionu-
clide inventory in terrestrial ecosystems is found within the soil;
thus, soil invertebrates can receive signiﬁcant external and internal
doses [3]. Soil animals have a signiﬁcant part to play in the accu-
mulation and migration of radionuclides. Earthworms are among
the organisms that are most sensitive to the radionuclides, prob-
ably because intimate contact they have with soil constituents in
the upper soil layers and they also lack the chitinous exoskeleton
of some soil invertebrate species, which may reduce exposure from
external radiation [3,4]. Thus, earthworms are useful organisms for
the assessment of environmental insults due to their role in vermi-
composting and nutrient cycling. Moreover, they also can act as
bioindicator for the toxic effects of chemicals in soils [5–7]. Among
the various earthworm species, Eisenia fetida is especially appropri-
ate for the toxicity tests because it can be easily bred on a variety
of organic wastes with short generation times. They have also been
accepted as standard organisms for ecotoxicological testing by the
European Union [8]; OECD [9,10] and included it in the list of ref-
erence animal and plants (RAP) of the International Commission
on Radiological Protection (ICRP) [11,12] and as a candidate refer-
ence organism from Framework for Assessment of Environmental
Impact (FASSET) [3] to study the harmful effect of ionizing radiation.
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So far, most of the data obtained concerned the effects of ionizing
adiation on earthworm reproduction. These studies have shown
ffects such as reduced reproductive ability, reduced population
ize, changes in the distribution of life cycle stages, and reduced
umber of species [13–15]. On the other hand, ionizing radiations
lso produce a great variety of DNA lesions that can be taken as
olecular markers for early radiotoxic effects. In fact, low LET radi-
tion such as gamma-radiation interact with DNA either directly
y deposition of energy or indirectly through the generation of
xygen radicals and reactive oxygen species (ROS), creating a wide
pectrum of lesions i.e., DNA double-strand breaks (DSBs), single-
trand breaks (SSBs) and base damage. Among these SSBs are
uch frequent than DSBs, but the SSBs are generally more rapidly
epaired and mostly error free [16]. Several methods have been
eveloped to detect the damage to DNA strands. The single-cell
el electrophoresis (SCGE) or comet assay can detect DNA strand
reaks and alkali labile sites by measuring the migration of DNA
rom immobilized nuclear DNA [17]. This technique is a quick, sim-
le, sensitive, reliable and fairly inexpensive method for measuring
NA damage.
In earthworms, coelomocytes play an integral role in immune
ell functions such as ﬁghting microbial infections and wound
ealing [18]. Damage to coelomocytes can compromise these
ssential functions, directly affecting the health of organisms and
tability of populations. Coelomocytes from a variety of terrestrial
nd aquatic organisms (e.g., Earthworms, bivalves, ﬁsh) have been
seful bioindicators of environmental stress and are frequently
sed to assess genotoxicity [19–22].
The alkaline comet assay has previously been applied to detect
NA damage in coelomocytes (immune cells) from earthworms
xposed in the laboratory to artiﬁcially spiked soils (e.g., Heavy
etals and pesticides) or soils collected from polluted sites (e.g.,
olycyclic aromatic hydrocarbons, heavy metals, uranium) [23,24].
ecently, this technique has also been used to detect the DNA dam-
ge produced by the chronic gamma  radiation, X-rays [25] and radio
requency/microwave electromagnetic ﬁeld [26] in E. fetida. Thus,
y taking this as benchmark, single cell gel electrophoresis was con-
ucted to the samples (E. fetida) exposed to different doses of acute
amma  radiation to determine the extent of DNA damage and the
ime for repair of this damage.
. Materials and method
.1. Culturing of E. fetida
E. fetida were obtained from the University of Agricultural
cience, Gandhi Krishi Vignana Kendra, Bengaluru. The age syn-
hronized worms were maintained according to the procedure of
asmin and D’souza, 2007 [27] with slight modiﬁcation. The mix-
ure contained 75% soil and 25% cow dung for the culture of worms.
he dry black soil was powdered and ﬁltered through a ﬁne mesh
ieve. The sieved soil was then moistened, and 25 adult worms
ere transferred to it. The air dried cow dung was supplemented
s food, and the culture was covered with wet cloth. After 30 days,
he adult worms were removed from the system. During the period
f 30 days in the culture, the worms reproduced and laid cocoons.
nce the worms were removed, the culture was left undisturbed
or 4 months. Water was sprinkled to keep the soil moist. After 4
onths, worms of same age were obtained from the culture. These
ge synchronized worms were used for the experiment..2. Irradiation
Four months old earthworms were placed in glass containers
ith little amount of water and were allowed to defecate for asearch 794 (2015) 52–56 53
day. Groups of nine worms (average wet weight 400 mg) were
transferred to 7 plastic Petri dishes with moist ﬁlter paper, and
then each sample dish (except the control) exposed to doses of 1,
5, 10, 20, 30, 40 and 50 Gy of Cobalt-60 gamma irradiation (Source:
Theratron 780-C machine) at a dose rate of 146.75 cGy/min (The
exposure time ranged from 0.68 min  (1 Gy) to 34 min  (50 Gy) and
the distance between the source and the object was 80 cm). Irra-
diated samples were subjected to single cell gel electrophoresis
technique (Comet assay) at 1 h, 3 h and 5 h after irradiation to eval-
uate the genotoxicity of gamma  radiation. (3 worms  each for, 1 h,
3 h and 5 h). 3 worms were used for control.
2.3. Collection of coelomocytes
After exposure of earthworms to different doses of gamma radi-
ation, their coelomocytes were collected at 1 h, 3 h and 5 h post
irradiation using the noninvasive extrusion method described by
Eyambe et al. [28]. Individual earthworms were rinsed in an extru-
sion medium composed of 5% ethanol, 95% saline, 2.5 mg/mL  EDTA,
and 10 mg/mL  guaiacol glyceryl ether (pH 7.3). Coelomocytes were
spontaneously secreted into the medium and washed with Lumbri-
cus balanced solution (LBS) three times prior to the comet assay.
Cells were collected by centrifugation for 10 min  at 3000 × g and
4 ◦C and placed on ice prior to the comet assay.
2.4. Cell viability assay
Prior to the comet assay, the cell count and the cell viability were
checked to ensure that there were an optimum number of living
cells to perform the assay. The cell count and viability assessment
were conducted with a haemocytometer and trypan blue dye exclu-
sion test. Coelomocytes samples showing more than 90% viability
and a cell count of 106 cells/mL were used for the comet assay.
2.5. Comet assay
2.5.1. Slide Preparation
The comet assay was performed according to Singh et al. [17],
with slight modiﬁcations. The cell suspension was mixed with
100 L of 0.7% low-melting-point agarose (LMA) in PBS at 37 ◦C
and pipetted onto fully frosted slides precoated with a layer of
100 L 0.8% normal-melting-point agarose (NMA). After solidiﬁ-
cation on ice, another layer of 85 L LMA  was  added, and the
slides were immersed in a lysis solution (2.5 M NaCl, 10 mM Tris,
100 mM Na2EDTA, 1% Na-sarcosinate, 10% dimethyl sulfoxide, and
1% Triton X-100), pH 10, for overnight at 4 ◦C.
2.5.2. Electrophoresis
To unwind the DNA, slides were incubated for 20 min  in elec-
trophoretic buffer containing 1 mM Na2EDTA and 300 mM  NaOH,
pH 13. Then electrophoresis was run at 25 V and 300 mA for 15 min
at 4 ◦C. After electrophoresis the slides were neutralized in cold
neutralization buffer (0.4 M Tris, pH 7.5) three times at 5 min  inter-
vals, ﬁxed in anhydrous ethanol three times at 5 min  intervals, and
stored in the dark at room temperature.
2.5.3. Slide examination
Slides were stained with ethidium bromide for analysis. Approx-
imately, 50 cells per slide were randomly scored. All steps were
conducted in dim light to prevent nonspeciﬁc additional DNA
breakage. The comet images were captured, and the image anal-
ysis system (CASP) was  employed to measure various comet
parameters. DNA damage in coelomocytes of E. fetida exposed to
different doses of gamma  radiation measured by the comet assay
was determined as percentage of comet tail DNA.
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Fig. 1. Images of the comet obtained from the coelomocytes of the earthworms exposed to different doses of gamma radiation. a) Control, b)1 Gy, c) 5 Gy, d) 10 Gy,  e) 20 Gy,
f)  30 Gy, g) 40 Gy and h) 50 Gy.
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.6. Statistical analysis
The effects of acute gamma  radiation on DNA integrity were
valuated by comparing all doses using the ANOVA GLM followed
y Tukey’s post hoc test. In addition, trend analysis in the form
f linear regression was performed using SPSS, and a signiﬁcant
ose–rate response relationship was indicated by a slope signiﬁ-
antly different (P ≤ 0.05) from zero [12].
. Result and discussion
Results obtained from the comet assay showing DNA damage on
xposure to acute gamma radiation is given in Fig. 1, and the DNA
amage was determined as percentage of DNA in tail (% tail DNA
r also expressed as relative tail intensity). Although the tail length
nd tail moment could also be used as a parameter of DNA damage,
 tail DNA is the most useful parameter, as it bears a linear increase
n percentage of DNA in tail that corresponds to DNA damage up
o about 2.5 breaks per 109 Dalton. It is relatively unaffected by
hreshold settings, and allows discrimination of damage over the
idest possible range [29].3 h and 5 h after acute gamma irradiation of E. fetida.
3.1. DNA damage in E. fetida
The dose and the time dependent increase of DNA damage
induced by gamma  radiation and their statistical signiﬁcance are
represented in Fig. 2, respectively.
3.2. Dose response study
Signiﬁcant DNA damage was seen in all individuals of E. fetida
irradiated by various doses of gamma  radiation except 1 Gy of 1 h
post irradiation, 1 and 5 Gy of 3 h post irradiation and 1, 5, and 10 Gy
of 5 h post irradiation (p ≥ 0.05), which did not show a signiﬁcant
increase in percentage tail DNA in comparison to their respective
controls as per the ANOVA. Dose response study showed that there
is a dose dependent increase in the intensity of radiation and DNA
damage with a minimum (4.72 ± 0.47) at the lowest dose of 1 Gy
and the maximum (21.13 ± 1.75) at the highest dose of 50 Gy at
1 h of post irradiation. It was  also observed that the dose response
effect was linear. When signiﬁcant dose-rate response trends were
found using linear regression, the goodness of the ﬁt (R2 adj.) was
high for all the samples exposed to different doses of gamma  radi-
ation and at all the time intervals (Fig. 2) i.e., 1 h, 3 h and 5 h after
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adiation. (1 h; slope 0.327, R2 = 89%, p ≤ 0.05, 3 h; slope = 0.053, R2 =
9%, p ≤ 0.05, 5 h; slope = 0.022, R2 = 79%, p ≤ 0.05). There were few
omets of the apoptotic types found in each dose (only at 1 h after
xposure) except for 5 Gy. Since these comets showed a very high
ercentage of tail DNA (ranging from 50 to 80%), they were not
onsidered for the count as it gives high variation in the mean
ercentage of tail DNA.
.3. Time response study
Time-response study indicated signiﬁcant DNA damage at all the
ime intervals for all the doses of gamma  radiation studied (except
 Gy of 1 hour post irradiation, 1 and 5 Gy of 3 h post irradiation and
, 5, and 10 Gy of 5 h post irradiation). The highest DNA damage
21.13 ± 1.75) was observed in 1 h post treatment of 50 Gy exposed
amples, and it decreased at the later time points reaching a mini-
um  (1.96 ± 0.24) at 5 h. A similar trend was also observed for the
ther doses (5, 10, 20, 30 and 40 Gy) (1 h; df = 7, F = 31.58, p ≤ 0.05;
 h; df = 7, F = 18.34, p ≤ 0.05; 5 h; df = 7, F = 7.34, p ≤ 0.05).
A Signiﬁcant increase of DNA damage (mean percentage of tail
NA) observed by comet assay in the present study at all the
xposure levels indicates the induction of genotoxic effects by
amma  radiation in the earthworm E. fetida. Earthworms, as mem-
ers of the phylum Annelida, which is the largest group of soil
nvertebrates, have been used for vermicomposting and also used
or biomonitoring of different pollutants. As of genotoxicity of radi-
tion concerned there are very few papers available [25,26]. This
s the ﬁrst attempt, where we used this technique to study the
enotoxicity of acute gamma  radiation.
The dose-dependent increase of DNA single-strand breaks, in
he form of comet induction (% tail DNA) induced by acute gamma
rradiation in E. fetida in the present study is in line with the
bservations of Hertle-Aas et al. [25] where E. fetida was exposed
o a series of chronic gamma  radiation and acute X- radiation
ccordingly observed a dose-dependent increase of DNA damage in
oelomocytes. The highest DNA damage was observed at 1 h post
rradiation, which gradually decreased over time, with a signiﬁcant
eduction at 3 h and reaching the minimum at 5 h, which suggests
hat the genotoxic effect of gamma  radiation does not last for a
ong period for the above mentioned doses. This is in agreement
ith the observation of Hertle-Aas et al. [25] who observed that
he half-life (t 1/2) of SSBs using monophasic repair kinetics was
6 min. Decrease in genetic damage during post irradiation time
ime may  indicate either repair of damaged DNA or loss of heav-
ly damaged cells (by apoptosis, cell turnover and dilution by cell
eplication) or both [25,30,31].
The comet assay used in the present study seems to be less
ensitive compared to reproduction end point. When the present
ata compared with our earlier studies where the effect of gamma
adiation studied on reproduction [15], it is observed that the
ose which produced 90% sterility i.e., 50 Gy could only show 21%
NA damage in coelomocytes (percentage tail DNA) at 1 h post
rradiation. This is because the germ cells are more sensitive to
adiation than the somatic cells. Cells in the process of spermato-
enesis are highly radiosensitive and apparently are easily killed
32]. Hertle-Aas et al. observed that the DNA repair ability for SSB
n coelomocytes are faster than that of the spermatocytes, this is
ecause the ability to repair certain DNA lesions decreases as the
permatogenesis proceeds with DNA chromatin becoming highly
ompacted together with reduced cytoplasm in the sperms [25].. Conclusion
The result of the single cell gel electrophoresis on gamma  irra-
iated earthworm has conﬁrmed the genotoxic effect of acute
[search 794 (2015) 52–56 55
gamma  radiation on earthworm E. fetida. A dose-related increase
and a time-dependent decrease of genotoxicity of acute gamma
radiation were also observed in the coelomocytes of earthworm.
Thus the study conﬁrms that earthworms are able to serve as
indicators of environmental toxicants like ionising radiation, and
coelomocytes are suitable cell types for such genotoxic studies. Fur-
ther, the alkaline comet assay appears to be a promising technique
to assess the genotoxic potential of acute gamma  radiation in the
earthworm at doses above 1 Gy.
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